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AERONAUTIC SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 



Length 
Time-- 
Force-- 

Power_ 
Speed. 



! 



Symbol 



I 
t 

F 



P 
V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram. 



horsepower (metric). 
r kilometers per hour_ 
\meters per second 



Abbrevia- 
tion 



m 
s 

kg 



kph 

mps 



English 



Unit 



foot (or mile) 

second (or hour), 
weight of 1 pound 

horsepower 

miles per hour 

feet per second 



Abbrevia- 
tion 



ft (or mi) 
sec (or hr) 
lb 



hp 

mph 

fps 



2. GENERAL SYMBOLS 



Weight n 
Standard acceleration of gravity =9.80665 m/s^ 
or 32.1740 ft/sec^ 

Mass==— 

Moment of inertia =mi2. (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 



V Kinematic viscosity 

p Density (mass per unit volume) 

Standard density of drv air, 0.12497 kg-m'^-s^ at 15^ 

and 760 mm; or 0.002378 Ib-ft"^ sec- 
Specific weight of standard^' air, 1.2255 kg/m^ 

0.07651 Ib/cu ft 



or 



Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio, ^ 
True air speed 
Dynamic pressure, 



Lift, absolute coefficient Cl=—ci 
Drag, absolute coefficient ^^^^ 



Profile drag, absolute coefficient (^d^t^-^ 



Induced drag, absolute coefficient ^£>i^^ 

Parasite drag, absolute coefficient (^r>v^^ 

Cross-wind force, absolute coefficient Co 
2626° 



3. AERODYNAMIC SYMBOLS 

Angle of setting of wings (relative to thrust line) 
it Angle of stabilizer setting (relative to thrust 
line) 

Q Resultant moment 

Resultant angular velocity 

R Reynolds number, p-~ where Z is a linear dimen- 
sion (e.g., for an airfoil of 1.0 ft chord, 100 mph, 
standard pressure at 15° C, the corresponding 
Reynolds number is 935,400; or for an airfoil 
of 1.0 m chord, 100 mps, the corresponding 
Reynolds number is 6,865,000) 

a Angle of attack 

6 Angle of doAvnwash 
^0 ao Angle of attack, infinite aspect ratio 

ai Angle of attack, induced 

tta Angle of attack, absolute (measured from zero- 
lift position) 

7 Flight-path angle 
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TEST OF A SINGLE-STAGE AXIAL-FLOW FAN 

By E. Barton Bell 



SUMMARY 

A single-siage axial fan was built and tested in the 
iiliop of the iwopeller-research tunnel of the NACA. The 
fan comprised a single 2J-f-hlade rotor having a diameter 
of 21 inches and a solidity of 0.86 and a set of 37 con- 
travanes hatnng a solidity of 1.S3. The rotor was driven 
by a 25-horsepower motor capable of rotating at a speed 
of 8600 rpm. The fan was tested for volume, pressure, 
and efficiency over a range of delivery pressures and 
volumes for a wide range of contravane and blade-angle 
settings. 

The test results are presented in chart form in terms of 
nondimensional units in order that similar fairs may be 
accurately designed with a minimum of effort. The maxi- 
mum efficiency (88 percent) was obtained by the fan at a 
blade angle of 30° and a contravane angle of 70°. An 
efficiency of 80 percent was obtained by the fan with the 
contravane s removed, 

INTRODUCTION 

In connection with tests of airplane cooling systems 
that are being conducted in the propeUer- research tun- 
nel of the National Advisory Committee for Aeronau- 
tics, the need was felt for infoi'mation on axial-fan 
design inasmuch as the indications are that such fans 
will be used in airplane cooling systems in the innnediate 
future. In designs of aircraft wdtli submerged engiiu^s, 
it may become necessary to provide a fan that will 
furnish the necessary volume of air to cool the enghies, 
the oil coolers, and the intercoolers. In pusher-propel- 
ler I'adial-engine installations, the use of an axial fan 
may help to solve an otherwise difficult cooling prob- 
lem. The decision was therefore made to build an 
axial-flow^ fan with adjustabh^ blades and contra vanes 
and to conduct a series of p(Mf()rmance tests on it. 
The results of th(^se tests are described herein, and th(^ 
data may be used as a basis for pi'elinunary design 
studies of superchargers of the axial-fan type. 

These data ar(^ limited to the cbaracteiistics of on(* 
particular fan tested over a range of blacks and con- 
tiavane settings. No information is given on the 
eflect of such variables as solidity of blades and con- 
travanes, Mach number, staguig for higher pressures, 
()]• use of various airfoil sections. 

Since the issuance of this report in preliminary form, 
errors of from 3 to 10 percent were discovered in the 



pressure and efficiency curves. This eri'or was due to 
rotation of the air insi(h' the space downstream of the 
fan hub and affected the reading of the pressure pc. A 
slight alteration to the test set-up corrected this source 
of error. The tests w^ere then repeated and (he vov- 
rected data are inserted in this report. 

DESCRIPTION OF APPARATUS 

The single-stage axial-ffow fan was built to be used 
primarily in cooling and duct studies; consequently, 
an attempt was made to obtain as high a combination 
of pressure and volume as was consistent with tlu* limi- 
tations imposed by the motoi' power and the fan 
diameter. Prelimmary computations indicated that a 
volume of 9000 cubic feet per mhuite at a pressure of 
78 pounds per square foot could be obtained. This 
condition corresponds to 21.2 horsepower. The values 
in terms of nondimensional quantity and pressure 
coefficients are (;>/;iZ>' = 0.446 and C;, = 0.298 with the 
fan rotating at a speed of 3600 rpm. 

The general arrangement of the blower and the test 
set-up are showni in figures 1,2, and 3. 

The rotor assembly is shown in figure 4. Attached 
to tlie i-otoi' iiub iu'i\ 24 blades that give a solidity of 
0.86, the solidity being defined as the result of blade 
chord times blade length times munber of blades 
divided by disk area. The disk area is the area swept 
by the blades. Figure 5 is a sketch of an individual 
blade. Eacli blade is of R. A. F. 6 section ajid has a 
maxhnum thickness of 12 percent of the chord. Each 




Fici KK 1. View of u.xial-faii arrantinncnl from entrance end. 
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Figure 2— View of axial-f; 



lit from exit oml. 



wore made at various liincs durinu- the tests. Any 
variation in the no-load tor(iue, caused possibly hy 
changes in Ix^aring friction, was allowed for in the data. 
The torque coefficients include the torque nt^ct^ssaiy to 
rotate th(» hub as wcW as tlie bhuh^s. 

The (d(*clric motor, which supports the fan hub and 
blades ou its shaft, is mounted inside the fan casing 
by four stJ-eamline struts. Each strut contains four 
orilic(\s on (»acli side*, which were* used for jueasuring 
the (juantity of air flowing. Tlu* pressure difference 
between these orifices and the atmosplu^re was cah- 
l)rat(Hl against quajitity of air flow. A venturi tube 
was used for this cahbration. 

The casuig of the fan was of roUed and wehled steel 
plate, bored to a diameter of 21 inches and relieved to 




^/?o//er-s- 



FiGUKK 3.— Axial-fan lost arranseiuenl. 



blade has a straight twist of 2° p(»r hich of })la(le hvngth 
and is not tapered. The blades were cut from solid 
bar stock duralumin oji a pi'ofiling nnichine and w(M'e 
polished and buffed by hand. 

Figuj'c 6 shows the contravanes and tht* lixcnl hub 
assembly. Thirty-seven contravanes with a solidity 
of 1.33 wcj-e used. Figure 7 is a sketch of an individual 
conti'avane. The contJ'avane anfoil section was arrives! 
at by laying out an arbitrary camber Ujie and using 
an NACA 0012 thickness distjibution. The oidinates 
of the resulting section are given in figuJ-e 7. The 
contravanes were twisted 3° pei* ijich of IcMigth and 
wei'c not tapered. The spachig betwecMi bladi^ ajid 
contiavajie cc^nter lines was 3 inches. A small cleai-- 
ance between the blade hub and the* contravane hub 
allowed a slight amount of cooling air to flow thi'ough 
the motor. 

The power for the fan is supplied by a 25-horsepower, 
direct-current electric motor. Before it was mt)unted 
in the fan casing, the motor was calibrated with a 
Prony brake for torque output as a function of arma- 
ture current at a constant value of field current. No- 
load runs with the fan rotor assembly (fig. 4) removed 



a (liamet(4' of 21 Kg inches at the fan section. The 
contravanes were mounted hi a hub that was carried 
on the motor frame. The fan casing w^as carried 
by a steel framework on a welded angle-iron base, 
which was in turn mounted on rollers resting on hard- 
ened and ground steel tracks. The rollers provided a 
nnnins of measuring the thrust produced by the fan. 
The (entrance coiu^ for the fan was separately supportcul, 
as shown in the auxiliary view of figure 3. There was 
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Figure 5.— Axial-fan blade. 
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0 
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T. 
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.019 




FiGUUE 6.— Axial-fan contra vane wheel. 



a closr but free joint Ix^twccu the entrance rone and 
tlio fail ensiiiiz;. A cyliiulor having a diaTnetcM- (Hjual to 
that of th(» hub and motor was projected upstrenm into 
the free air far enough to (wtend b(\yond the pressure 
field of the entrance. The exit cones vv(*re in(h^p(^nd- 
ently supi)ort(Hl and were separated from th(^ fan })y 
an air gaj). Th(» woi-king section of the fan was tli(M-e- 
fore free to roll fore and aft on its rollers to a limit(Ml 
extent. Connc^ctcMl to th(^ supporting frannnvork and 
parallel to tlu^ thrust axis was a (lirust wire. Oiu* 
end of the thrust wire was earri(M| ov(»r a pull(\v and 

View XX 

A straight twist 




Figure 



Section YY 

7.— .\xial-fan contravaiie. 
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connected to a dial-balance head. The other end of 
the thrust wire was carried over a pidk^y and connected 
to a weight pan. The dial balance and all counter- 
weights used were carefully calibrated before the tests 
were made. 

The exit cone was provided with a celluloid window 
through which tufts, located in tlu^ aii* stream, could be 
viewed for the purpose of estimating th(^ stream twist 
angle. At the downstj'eam end of the set-up a conical 
plug mounted on a screw thread was used for varying 
the restriction and controlling tlie volume of flow. 

On the end of the motor, opposite the fan hub, was 
mounted the generator of a Weston tachometer. This 
instrument was wired to a milliammetcT, the reading of 
which was frequently calihralcMl against motor speed. 

DESCRIPTION OF TESTS 

All tests were run at a speed of 3600 rpm except in 
cases in which the torque would have (exceeded 36.5 
foot-poimds, which coj-respoiuUnl to tlie motor rating. 
Under those conditions the tests were run at maximum 
motor torque. 

A series of tests was run with sev(M'aI contravane- 
angle settings ranging from 40° to 70° and another 
scries was run without contravanes. At each of these 
conditions the blade angles were varied from 5° or 
10° to 35° or 40°. The quantity and the pressure 
coeflScients were varied by changing the restriction at 
the outlet of the test set-up. At (nxch point, data were 
taken of balance reading, amount of counterweight, 
manometer readings of the static pressure pc and of the 
pressure at the orifices in the motor support, bai-omcter 
reading, temperature, hygrometer reading, tachometer 
reading, motoi* field current, and motor armature cuj- 
rent. The angle of flow downstream of the fan was 
estimated by looking at the tufts. 

Extreme care was taken in setting the blad(^ and the 
contravane angles but, because of the difliculty in 
setting them, they may not have been set closer than 
it )i°. Blade and contravane angles were measured 
at a radius of 7K inches (71.4 percent B). Both bladc^ 
and contravane angles were measured with respect to 
the same reference plane, that is, the plan(^ of rotation 
of the blades. 

PRESENTATION AND DISCUSSION OF RESULTS 

The results of the test reported in this paper are 
presented in a manner similar to that used for pro- 
pellers. Nondimensional coefficients, which are applic- 
able to any similar axial fan operating at or n(»ar the 
same Reynolds and Mach numbers, are used. 
T 

Ct= ..oT^r, torque coefficient 



r - 



pressure coeflBcient 



efficiency 



These coefficients are plotted against the quantity 

coefficient QjnD^ 

where: 

D fan diameter, 1.75 feet 

n rotational speed, revolutions per second 

pressure rise across fan, pounds per square foot 
Q quantity rate of flow, cubic feet per second 
p mass density of air, slugs per cubic foot 
T torque, foot-pounds 

also: 

j)c static pressure on downstream side of fan hub 

blade angle, degrees 
0 contravane angle, degrees 
^ stream twist angle, degrees 
R blade radius 

The coefficient Q/nD^ corresponds to V/nD as used for 
propellers and is also proportional to the discharge 
coeflficient <p as used in reference 1. For the particular 
fan tested Q/nD^=0A12 V/nD (where y= average 
velocity through the disk) and Q/nD^=1.29<p. 

The pressure rise across the fan was takcMi as tJu* 
thrust on the disk area divided by the disk area. The 
thrust on the disk area is equal to the tlirust obtained 
on the thrust system (balance and counterweights) 
corrected for the force resulting from pressure on the 
downstream side of the hub, that is, pc measured in the 
space inside the exit cone. This correction was either 
added to or subtracted from the thrust, depending on 
whether pc was below or above atmospheric pressure. 
As the horizontal areas at the free joints on either end 
of the blower outer casing were small, the correction 
for any pressure difference at these points was neglected. 
No correction was made for any pi'essure dro]) due to 
flow of cooling air. 

The coefficient Cp is proportional to the pressure 
coefficient used in reference 1, which in the notation of 

this paper is Ap/^u^, where u is the rotational tip speed. 
For this fan, (7^=4.93 Ap/^ uK 

The results are presented in figures 8 to 28 as follows: 



Contravane-angle setting, 
0(deg) 

40. 



Figures: 

8 to 11 

12 t o 15 50. 

16 to 19 60. 

20 t o 23 70. 

24 to 27 No contravanes. 

28 Variation of fan char- 
acteristics with ro- 
tational speed. 

Two plots of the pressure-coefficient data are presented. 
In one plot, the test points are given and lines of con- 
stant angle of twist downstream from the fan are 
superimposed. In the other plot, lines of constant 
eflSciency are superimposed to facilitate design work. 
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Figure 20. -Torque coefficients. 0, 70°. 
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Figure 22.— Pressure coefTicients showing lines of constant efficiency. 0, 70°. 
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Figure 23.— Axial-fan eflicioncies. </>, 70°. 
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Figure 26.— Pressure coefficients showing lines of const unt efficiency. 
No contravancs. 

The stmxin ajigl(» \p, for wliicli constant values are 
imposed on the pressure-coefficient plots in figures 9, 
13, 17, 21, and 25, is the average stream angle as esti- 
mated by viewing the tufts located behijid the blade 
wheel. Under certain conditions there w^as consider- 
able variation of the angle along the radius. It is 
believed, however, that the stream angle of most of 
the air was within ±3° of that given. Positive values 
of ^ indicate that the air steram was twisting in the 
direction of rotation of the rotor. 

The maximum efficiency of 88 percent for this fan 
was found to be at a blade-angle setting of 30° and a 
contravane setting of 70°. It is interesting to note that 
the contravane setting of 70° yielded the highest effi- 
ciencies for nearly all values of QjnD ^ 

The fan elSiciency with contravanes removed was 80 
percent as compared with 88 percent with the contra- 
vanes set 70°. This loss of 8 percent results from the 



/OO 



80 



1^0 

(J 



20 









1 1 1 1 1 1 

_- - -Blades s to/ led 






















ur 


15 fa 


fled 




























□ 






























k 






















30° 


o 


35° 






hi 




x' 1 








I 














\\. 












\ 


25'' 












•'■\ 










I 

20'' 












































10° 















































Figure 27.— Axial-fan efficiencies. No contravanes. 



fact that the rotational losses occurring without con- 
ti-avanes were greater than the profde drag of the con- 
travanes. The downstream angle of twist for the peak- 
efficiency condition with contravanes set 70° was about 
5° or 10°, whereas the angle of twist with contrnvnnes 
removed was a])Out 25°. 

or i)(Mhaps more importance than the effect on effi- 
ciency is the effect of contravanes on the pressures 
produced. The maximum pressures for a given quan- 
tity of How were foiuid to be considerably less with 
conti'avanes removed than with them installed, regard- 
h'ss of llie bhuh'-angle setting. When the contravanes 
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Figure 28.— Variation of fan characteristics with rotational speed. QlnD^, 0.45; 
/3, 25°; 0, 70°. 

were removed, the rotational interference velocity was 
in the same direction as the blade rotational velocity. 
The result was a certain relative velocity over the 
blade surfaces and, consequently, a certain pressure. 
When the contravanes were in place, the air was given 
an inflow rotational-velocity component opposite in 
direction to that of the rotor, the result b(ung an 
increase in the relative velocity between the air and tlic 
rotor blades and an inci-ease in pressure. 

The stalling characteristics of the fan were veiy pro- 
nounced. As long as the blades were unstalled, opera- 
tion w^as very smooth. As the restriction was hicreased 
and the flow w^as decreased, however, the fan reached a 
stalling point beyond which the operation became very 
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rough and noisy. In some cases the quantity of air 
flow (h'oppod oft* consi(U'rably with stalUng, and it was 
impossible to obtain points for a curve. On all the 
curves, the stalled portion is indicated by dotted lines 
when enough points could be obtained to justify it. 
It is recommended, however, that fans be designed to 
operate only in the unstalled portion. 

As the rang(» of this fan was limited b}^ botli tlu* 
torque and tlic spvod characteristics of the motoj', little 
attempt was made to get an extensive evaluation of 
scale eft'ect. One s(M"ies of t(»sts was nuide, howevej", at 
i8=25° and 0 = 70° for a short range of Q/nD' at different 
blower speeds. Values of Ct, Cp, and t; were taken 
from tliese tests at a value of Q/nD^=0A5. These 
values are plotted in figure 28 against Ian rotational 
speed, and the results indicate that, while the pressure 
and the torque increase, the eflficiency decreases with 
Reynolds Jiumber. The variation of pressure and 



torque coefficients with Reynolds mimber is unexpect- 
edly large. 

No eft'ects from compressibility would be expected 
fjom these tests, inasmuch as the highest tip speed was 
only 330 feet per second. Compressibility sliould be 
taken into account for designs wlierein the tip speeds 
will be above 600 feet per second. 



Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., September 22, 1941. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 


Designfition 


Sym- 
bol 


Longitudinal 


X 
Y 
Z 


Normal - 





Force 
(parallel 
to axis) 
symbol 



X 
Y 
2 



Moment about axis 



Designation 



Rolling- _. 
Pitching-. 
Yawing.. 



Sym- 
bol 



L 

M 
N 



Positive 
direction 



Y- 
Z- 
X- 



^z 
^x 



Angle 



Designa- 
tion 



Roll.. 
Pitch. 
Yaw_. 



Sym- 
bol 



Velocities 


Linear 
(compo- 
nent along 
axis) 


Angular 


u 

V 

w 


P 
Q 

r 



Absolute coefficients of moment 
(rolling) (pitching) 



(yawing) 



Angle of set of control surface (relative to neutral 
position), 8. (Indicate surface by proper subscript.) 



4. PROPELLER SYMBOLS 



D Diameter 

p Geometric pitch 

p/D Pitch ratio 

V Inflow velocity 

Vs Slipstream velocity 

T Thrust, absolute coefficient Ct= 

Q Torque, absolute coefficient Cq-- 



1 hp=76.04 kg-m/s=550 ft-lb/sec 
1 metric horsepower =0.9863 hp * 
1 mph=0.4470 mps 
1 mps=2.2369 mph 



P 

n 



Poww, absolute coefficient Cp= 



Speed-power coefficient = ^ 
Efficiency 

Revolutions per second, rps 
Effective helix «'^gl^=^^^^~^(^2^} 



T 

Q - 

5. NUMERICAL RELATIONS 

1 lb =0.4536 kg 

1 kg=2.2046 lb 

1 mi= 1,609.35 m=5,280 ft 

1 m= 3.2808 ft 



I 



1 



